arXiv:1304.2196v1 [astro-ph.CO] 8 Apr 2013

Cosmological effects of coupled dark matter

Sophie C. F. Morris,^∗ Anne M. Green,^† Antonio Padilla,^‡ and Ewan R. M. Tarrant^§ School of Physics and Astronomy, University of Nottingham, Nottingham, NG7 2RD, UK

Many models have been studied that contain more than one species of dark matter and some of these couple the Cold Dark Matter (CDM) to a light scalar field. In doing this we introduce additional long range forces, which in turn can significantly affect our estimates of cosmological parameters if not properly accounted for. It is, therefore, important to study these models and their resulting cosmological implications. We present a model in which a fraction of the total cold dark matter density is coupled to a scalar field. We study the background and perturbation evolution and calculate the resulting Cosmic Microwave Background anisotropy spectra. The greater the fraction of dark matter coupled to the scalar field and the stronger the coupling strength, the greater the deviation of the background evolution from ΛCDM. Previous work, with a single coupled dark matter species, has found an upper limit on the coupling strength of order O(0.1). We find that with a coupling of this magnitude more than half the dark matter can be coupled to a scalar field without producing any significant deviations from ΛCDM.

I. INTRODUCTION

Since the first discovery that visible matter does not account for all the mass in the Universe [1] astronomers have known that there is something missing from our basic understanding of the Universe. The two most popular explanations for this missing mass have been that there is some other matter present that we cannot see, in the form of Cold Dark Matter (CDM), or that our theory of gravity is inadequate, giving rise to a plethora of modified theories of gravity (for a review see e.g. Ref. [2]). More recently, many more accurate measurements of the cosmological parameters have been made e.g. Refs. [3–6], constraining the amount of CDM in the universe to be roughly 22% of the total energy budget. Cosmological data analyses typically assume a ΛCDM model in which the accelerated expansion is due to a small cosmological constant and gravity is described by General Relativity, universally coupled to all species of matter (visible and dark). Any deviation from these assumptions could affect the best fit cosmological parameters (see e.g. Ref. [7]). In this paper, we will alter the latter assumption, allowing for violations of the Equivalence Principle in the dark sector. In particular, we will study a generalised Brans–Dicke scenario in which some species of dark matter couple to the Brans–Dicke scalar, while others do not. ΛCDM can be identified with the limit in which the coupling vanishes, or else the limit in which the fraction of dark matter coupled to the Brans–Dicke field goes to zero. Here we will explore what happens as the coupling and the fraction of coupled dark matter are increased.

Since the exact nature of dark matter is unknown, it is important to study different models and their effects upon cosmological observables. In particular, plenty of recent work has focussed on the case where dark matter is coupled to a quintessence scalar field playing the role of dark energy e.g. Refs. [8–10]. Because the quintessence field is necessarily light, this will mediate an additional long range force on dark matter, breaking the gravitational equivalence with baryonic matter. The astrophysical and cosmological implications of an additional long range force acting exclusively on dark matter were studied long ago by Gradwohl and Frieman [11–13], and later by Gubser and Peebles [14, 15], and others [16–18]. Prior to that, effects on time varying Newton’s constant were used to place bounds on a generalised Brans–Dicke scenario in which visible and dark matter both couple to the Brans–Dicke field, but with differing strengths [19].

If one assumes more than one species of dark matter, as suggested by the richness of string compactifications [20, 21], one can also entertain the possibility that the Equivalence Principle might be violated within the dark matter sector itself. Indeed, there is no good theoretical reason to maintain it once we have abandoned the universal coupling between matter and gravity by allowing dark matter to feel an additional long range force. This possibility was explored to some extent in Ref. [22], where different dark matter species are coupled to a scalar field with different strengths. In that work the scalar field acts under the influence of a quintessence potential, playing the role of dark energy. This gives rise to chameleon–like behaviour [23, 24], with the scalar settling in to a minimum of the effective

∗Electronic address: ppxsm@nottingham.ac.uk †Electronic address: anne.green@nottingham.ac.uk ‡Electronic address: antonio.padilla@nottingham.ac.uk §Electronic address: ppxet@nottingham.ac.uk

potential controlled by the density of the coupled fields. In contrast, here we assume that dark energy is a cosmological constant, and that there is no bare potential for the scalar – in other words, it is exactly massless. This alters the picture considerably as there is no longer a local environmental minimum for the effective potential. Such a scenario is easily achieved in higher dimensional compactifications. For example, in the two–brane Randall–Sundrum model [25], the warped extra dimension gives rise to exactly the sort of scenario we are interested in, with an exactly massless scalar (the radion) coupled with different strength to matter on different branes [26].

If they are not properly accounted for, additional long range forces in the dark sector can dramatically affect our estimates for cosmological parameters. This point was emphasized in Ref. [27], where ignorance of the additional long range force was shown to result in an erroneously inferred equation of state for dark energy^1. We can illustrate the principle by considering the orbit of a planet around a star. One could compute the mass of the star by measuring the acceleration of the planet, and then use Newton’s law of gravitation to infer the mass. However, if there were an additional long range force acting between the star and the planet, and we were ignorant of this, it is clear that we would infer the wrong value for the star’s mass. For cosmology, the lesson we learn is that we should ask whether or not the relevant observational probe is sensitive to the additional long range force. When this only acts on (a fraction of) dark matter, the supernova probe will be directly sensitive to the force as supernovae reside in galaxies, which are dominated by dark matter. Galaxies therefore follow accelerated rather than geodesic trajectories and this ought to be properly accounted for when analysing supernova data [27]. In this paper, we will focus on a more indirect probe of the scalar force – the Cosmic Microwave Background (CMB). CMB photons are part of the visible sector, so they do not feel the extra force directly. However, the CMB temperature fluctuations are sensitive to density fluctuations, which are affected by any additional long range forces acting on any form of matter, be it visible or dark.

The paper is structured as follows: in Sec. II we describe the setup for our model, then in Sec. III we study the background evolution and examine the extent to which it deviates from ΛCDM. In Sec. IV we study the evolution of perturbations in our system and the effect the coupling has on CMB anisotropies. In addition to comparing to standard ΛCDM, we discuss the physics behind the deviations and find that the main physical effects come from the increased density of CDM at early times, a result that is only indirectly related to the coupling. Finally, we conclude in Sec. V.

II. SETUP

Let us begin by describing our setup. We consider a generalised Brans–Dicke theory with a cosmological constant responsible for late time acceleration of the universe. The matter content is divided into two components, one of which consists of baryons, radiation and some fraction of dark matter, and the other which is made up of the remaining fraction of dark matter coupled to the massless scalar field. The action can be written in the Einstein frame as follows (see also Ref. [19])

S = ∫ d^4x √ −g [ 1 16πG (R − 2Λ) − 1 2 (∇ϕ)^2 ] + S_{SM}[g_{μν} , ...] + S_c[g_{μν} , ...] + S_q [ĝ_{μν} , ψ_q ] , (1)

where g is the determinant of the metric g_{μν} , R is the corresponding Ricci scalar, ∇ is the corresponding covariant derivative and ϕ is the scalar field mediating the additional long range force. The action S_{SM}[g_{μν} , ...] contains baryons, photons and massless neutrinos and S_c[g_{μν} , ...] contains uncoupled CDM. The ellipses denote the standard model fields in S_{SM} and uncoupled dark matter field in S_c. None of these fields couple directly to the scalar. The action S_q[ĝ_{μν} , ψ_q ] describes dark matter fields that do couple directly to the scalar. Indeed, coupled dark matter particles, δψ_q , follow geodesics of the conformally related metric,

ĝ_{μν} = e^{2αϕ}g_{μν} , (2)

where α is the dimensionful coupling constant, which, without loss of generality, we assume to be positive. The field equations describing the system are given by

G^μ_ν + Λδ^ν_μ = 8πG ( T^μ_{(SM)ν} + T^μ_{(c)ν} + T^μ_{(ϕ)ν} + T^μ_{(q)ν} ) , (3) □ϕ = −αT^μ_{(q)μ} , (4)

1 In Ref. [27] the additional long range force is mediated by a gauge field and yields an additional repulsive force. Here we are focussing on a scalar mediator which will give rise to an additional attractive force, but it is clear that the principles discussed in Ref. [27] will still apply, although the effects will work in the opposite direction.

where □ = g^{μν} ∇_μ∇_ν is the covariant d’Alembertian,

T^μ_{(SM)ν} = − 2 √ −g g^{να} δS_{SM} δg^{μα} , T^μ_{(c)ν} = − 2 √ −g g^{να} δS_c δg^{μα} , (5)

are the energy-momentum tensors for standard model fields and uncoupled CDM, and T^ν_{(ϕ)μ} = ∇^ν ϕ∇_μϕ − 1 2 δ^ν_μ(∇ϕ)^2 , (6)

is the energy-momentum tensor for the scalar. In addition, we define

T^μ_{(q)ν} = e^{4αϕ}T̂^μ_{(q)ν} , (7)

where the energy-momentum tensor for the coupled fields is covariantly conserved in the conformally related Jordan frame, and is given by

T̂^μ_{(q)ν} = − 2√ −ĝ ĝ^{να} δS_q δĝ^{μα} . (8)

Note that T^μ_{(q)ν} is not covariantly conserved in the Einstein frame, but satisfies ∇_μT^μ_{(q)ν} = αT^μ_{(q)μ}∇_ν ϕ.

III. BACKGROUND COSMOLOGY

To leading order, we consider a homogeneous and isotropic universe described by a flat, Friedmann–Robertson– Walker metric, ds^2 = −dt^2 + a^2(t)d⃗x^2, and a homogeneous scalar ϕ = ϕ(t). Each matter field contributes a perfect fluid

T^μ_{(SM)ν} = diag(−ρ_{SM}(t), p_{SM}(t), p_{SM}(t), p_{SM}(t)), T^μ_{(c)ν} = diag(−ρ_c(t), 0, 0, 0) T̂^μ_{(q)ν} = diag(−ρ̂_q(t), 0, 0, 0) (9)

where ρ_{SM} = ρ_b + ρ_r and p_{SM} = p_b + p_r, where b denotes the baryons and r collectively denotes radiation and neutrinos. We have that p_b = 0, p_r = ρ_r/3 and p_ϕ = ρ_ϕ = ϕ̇^2/2. Now, neither T̂^μ_{(q)ν} nor T^μ_{(q)ν} is covariantly conserved in the Einstein frame, and by association, neither ρ̂_q nor ρ_q = e^{4αϕ}ρ̂_q satisfy the usual conservation law for matter (i.e. d(a^3ρ̂_q)/dt ≠ 0, d(a^3ρ_q )/dt ≠ 0). However, we can use the fact that T̂^μ_{(q)ν} is covariantly conserved in the Jordan frame to show that ρ_∗ = e^{3αϕ}ρ̂_q = e^{−αϕ}ρ_q scales like 1/a^3 [23, 24]. The background evolution equations are given by the Friedmann equation,

H^2 = 8πG 3 ( ρ_Λ + ρ_{SM} + ρ_c + 1 2 ϕ̇^2 + ρ_∗e^{αϕ} ) , (10)

and the homogeneous equation of motion for the scalar

ϕ̈ + 3Hϕ̇ + αρ_∗e^{αϕ} = 0 , (11)

where the Hubble parameter H = ȧ/a and overdots represent differentiation with respect to cosmic time t. Note that ρ_Λ = Λ/8πG is constant, while ρ_b ∝ ρ_c ∝ ρ_∗ ∝ 1/a^3, and ρ_r ∝ 1/a^4. It is also convenient to define the following density fractions

Ω_Λ = 8πGρ_Λ 3H^2

, Ω_n = 8πGρ_n 3H^2

, Ω_ϕ = 4πGϕ̇^2 3H^2

, Ω_q = 8πGe^{αϕ}ρ_∗ 3H^2

, Ω_r = 8πGρ_r 3H^2 where n denotes either baryons or uncoupled CDM, and in analogy with quintessence models, we have identified Ω_{DE} = Ω_Λ + Ω_ϕ. We note that this grouping of dark components is somewhat arbitrary [28].

Let us now consider the resulting evolution of the cosmological background. The coupling to (some) dark matter endows the scalar with an effective potential V_{eff} (ϕ) = ρ_∗e^{αϕ}.

Unlike the standard chameleon scenarios [23, 24] where a local minimum exists at finite ϕ (due to the existence of a bare potential for ϕ), our effective potential is of run–away form, with a minimum only at +∞. The only way the

FIG. 1: The evolution of the density parameters in our model (thick lines) compared with ΛCDM (thin lines), for varying coupling strengths, α, and varying proportions of coupled dark matter (CCDM) such that CCDM=4% means that 4% of the total energy density in the universe is made up of coupled dark matter. The energy density of coupled dark matter is Ωq , Ωc is the energy density of uncoupled dark matter and the total dark matter energy density is Ωc_{tot} = Ωq + Ωc. The energy densities have been normalised to their present day values i.e. the system was evolved to give the same energy densities today as in ΛCDM. The coupling constant α is in units of 1/M_{pl}, where M_{pl} is the Planck mass.

scalar can be held approximately fixed is by Hubble friction, and only when^2 H ≫ α^2ρ_∗. Therefore it is difficult to imagine that the scalar field does not significantly affect the background evolution (unless α ≪ 1/M_{pl}) in contrast to the assumptions made in Ref. [12] where the background is always taken to be equivalent to ΛCDM.

These expectations are born out by our numerical solutions plotted in Fig. 1. Here we show the background evolution for various fractions of coupled dark matter today and various coupling strengths, α. We compare these to the corresponding evolution in a ΛCDM universe, assuming ΛCDM best–fit cosmological parameter values. We normalise each coupled dark matter model such that they share the same baryon, total dark matter, and dark energy density fraction today (Ω^0_b, Ω^0_{ctot} , Ω^0_{DE}) as the best fit ΛCDM model. In the limit α = 0, we recover ΛCDM where Ω^0_{DE} = Ω^0_Λ and Ω^0_{ctot} = Ω^0_c . This normalisation is achieved by performing a binary search over the initial condition ϕ_i and over the cosmological constant density ρ_Λ to find the correct initial conditions necessary in order to realise the desired background. We set ϕ̇_i = 0 since we begin the evolution deep inside the radiation dominated epoch, where we should expect the field to be frozen by Hubble friction. If the coupling is large enough, we can easily see the effect of the evolving scalar field as we move back in time. Initially, at low redshift, the main effect is to decrease the density fraction stored in baryons (and dark matter), relative to ΛCDM. This is to be expected because the mutual coupling to gravity allows energy to pass from matter to the kinetic energy of the evolving scalar. At higher redshifts, Hubble friction suppresses the kinetic energy of the scalar, but we still see the effect of the scalar’s previous evolution on the relative density of radiation to matter. In particular, matter–radiation equality happens at higher redshift in our coupled dark matter scenario. This is because we need more matter at high redshift to compensate for the relative dip

2 This can be seen by dropping the acceleration term in Eq. (11), and rearranging to give α^2ρ_∗/3H ≈ d(e^{−αϕ})/dt. This derivative is then small if H ≫ α^2ρ_∗.

in the matter density fraction at lower redshift, if all cosmological parameters are normalised by their values today. This effect also manifests itself through a deficit in the amount of radiation at high redshift, compared with ΛCDM. In any event, it is clear that the background evolution is sensitive to coupling (some) matter to a light scalar. This effect is often neglected in the literature (see e.g. Ref. [12, 29, 30]).

To further analyse the background dynamics it is instructive to transform our system into autonomous form and investigate the presence of any late time attractor solutions. We use the standard definitions [31] along with an extra term to include the conformal factor, x ≡ ϕ̇ √ 6H , y ≡ 1 H √ ρ_γ 3 , z ≡ 1 H √ ρ_∗e^{αϕ} 3 , s ≡ 1 H √ ρ_Λ 3 . (12)

The flatness condition gives the constraint

Ω_{b+c} = 1 − x^2 − y^2 − z^2 − s^2, (13)

where we have grouped baryons and the uncoupled CDM together as they both scale like a^{−3}. In these equations ρ_γ and ρ_Λ are the radiation and cosmological constant energy densities respectively. Differentiating these equations with respect to N = ln a, which we denote using^′, yields the following set of equations

x^′ = − ( H^′ H + 3 ) x − 3 √ 6 αz^2 , y^′ = −2y − H^′ H y , z^′ = − ( H^′ H + 3 2 ) z + √ 6 2 αzx , s^′ = − H^′ H s , (14)

where H^′ H = − 1 2 (3x^2 + y^2 − 3s^2 + 3) . (15)

The system (Eqs. 14) generically admits 6 critical points at real values, listed in Table I. x y z s Uncoupled matter domination 0 0 0 0 Kinetic Scalar domination 1 0 0 0 Radiation domination 0 1 0 0 Λ domination 0 0 0 1 Coupled DM – Kinetic Scalar scaling −

√_2

3 α 0 √ 1 −^2_3 α^2 0

Coupled DM – Kinetic Scalar – Radiation scaling −^{1√}_{6α} √ 1 −^1_{2α2}^{1√}_{3α} 0

TABLE I: Critical points for the autonomous system (Eqs. 14).

Three of these fixed points are familiar from ΛCDM: uncoupled matter domination, radiation domination, and Λ domination. As with ΛCDM our stability analysis reveals that Λ domination is an attractor, whilst the other two are saddles. This is to be expected from the cosmic no hair theorem [32]. In our generalised Brans–Dicke model, we generically have three additional fixed points. The first of these is always present, and corresponds to an era in which the kinetic energy of the scalar dominates the cosmic evolution. This fixed point is unstable. Whether or not the system evolves to this fixed point depends on the choice of initial conditions. For |α| < √ 3/2 there exists a saddle point corresponding to an era in which the coupled DM component and the kinetic energy of the scalar scale with one another, dominating the expansion. For |α| > √ 1/2 there is another saddle point, corresponding to a three way scaling between coupled DM, radiation, and the kinetic energy of the scalar. These properties are explicitly demonstrated in the phase–space plot shown in Fig. 2, where the evolution inevitably points towards the unique late time attractor corresponding to Λ domination.

FIG. 2: Phase portrait in s − x plane which shows that all trajectories eventually end in Λ domination. The red points are equilibrium points and the green are unstable fixed points.

IV. PERTURBATION EVOLUTION

Now that we have studied the background evolution of our system, we can move on to the evolution of perturbations and hence examine how the coupling affects structure formation and the CMB anisotropy spectrum. We will work in the synchronous gauge and to first order (see e.g. Refs. [33, 34]) where the line element is

ds^2 = a(τ){−dτ^2 + (δ_{ij} + h_{ij} )dx^idx^j } , (16)

and the metric perturbation h_{ij} can be decomposed into a scalar, vector and tensor part. Note that we have switched to conformal time τ for convenience. Focussing on scalar perturbations, in Fourier space k we set h_{ij} = 1 3 hδ_{ij} − ( k_ik_j − 1 3 δ_{ij} k^2 ) μ , (17)

and can use the following definitions δ_n ≡ δρ_n ρ_n , θ_n ≡ ik_j v^j_{(n)} , (18)

where each species n has coordinate velocity v_{(n)i}, density contrast δ_n and velocity field gradient θ_n. We write the perturbed energy-momentum tensor for uncoupled CDM as

δT^0_{(c)0} = −δρ_c, δT^0_{(c)i} = ρ_cv_{(c)i} = −δT^i_{(c)0}, δT^i_{(c)j} = 0 , (19)

where the uncoupled CDM pressure and anisotropic stress have been set to zero. Conservation of the CDM energy– momentum tensor implies

δ^′_c = − 1 2 h^′ , (20)

where here, and subsequently, primes denote differentiation with respect to conformal time. As is well known, there is a residual gauge freedom which allows us to consistently set θ_c = 0. The perturbations of the Standard Model components are treated in the usual way by evolving the full Boltzmann hierarchy in CAMB.

FIG. 3: CMB anisotropy spectra for various coupling strengths and proportions of coupled cold dark matter, CCDM.

The coupled dark matter species undergo a non–standard evolution. Assuming that the perturbed contribution to the energy–momentum tensor in Einstein frame is given by

δT^0_{(q)0} = −δρ_q , δT^0_{(q)i} = ρ_q v_{(q)i} = −δT^i_{(q)0}, δT^i_{(q)j} = 0 , (21)

we can use ∇_μT^μ_{(q)ν} = αT^μ_{(q)μ}∇_ν ϕ to demonstrate that δ^′_q = −θ_q − 1 2 h^′ + αδϕ^′ , (22)

θ^′_q = −θ_qH + α(k^2δϕ − ϕ^′θ_q ) , (23)

where δϕ is the perturbation in the scalar field and H = a^′/a.

Finally, the evolution of perturbations in the scalar field is governed by the perturbed scalar equation of motion, and is given by δϕ^{′′} + 2Hδϕ^′ + k^2δϕ + 1 2 h^′ϕ^′ = −αa^2δρ_q . (24)

We now modify CAMB [35] to incorporate perturbations in these new species along with the background equations, Eqs. (10) and (11), to calculate the CMB anisotropy spectra. As discussed in Sec. III, we must evolve our background first, before evolving the perturbations. To do this, an adapted version of the quintessence module available for CAMB [36] was used since this was designed to evolve quintessence models, which also do not have a ΛCDM background.

In Fig. 3 we plot the resulting CMB anisotropy power spectra for various proportions of charged dark matter and coupling strengths, along with the spectrum for ΛCDM. The most interesting thing to note from this plot is the fact that even at a level of 16% coupled CDM with coupling strength α = 0.1, we still obtain a CMB power spectrum that is extremely close to ΛCDM. As both the coupling strength and proportion of CDM coupled increase, we see greater deviation from ΛCDM, to the point that a coupling strength of α = 0.5 or above is unlikely. These deviations are characterised by the large increase in power due to the Integrated Sachs–Wolfe (ISW) effect at low multipoles, and the lowering of the CMB peaks. The former has also been seen in similar models [37, 38] and is mainly due to the late time variation of the gravitational potentials, the wells growing deeper in time as the scalar evolves to larger values. The latter is due to the fact that there is an increase in the coupled CDM density at early times, as is evident from Fig. 1.

This results in fewer baryons at the time of recombination, which in turn raises the sound speed and suppresses the amplitude of oscillations. Furthermore, if matter–radiation equality is earlier then the potential at the peak is deeper due to less pressure damping resulting in a large redshift as the photons climb out after last scattering, again, implying a smaller final anisotropy (for an excellent discussion of these effects, see Ref. [39]). Note that the peaks are also shifted slightly to the right as we deviate more from ΛCDM. This is also due to matter–radiation equality occurring at earlier times, such that only very small scales enter the sound horizon during radiation domination, therefore the power spectrum turnover occurs on smaller scales, also shifting the CMB peaks to smaller scales i.e. higher l.

V. CONCLUSION

In this paper we have investigated the effects of coupling a variable fraction of the dark matter to a scalar field without the presence of a potential. We find that the background evolution can deviate significantly from that of ΛCDM, depending on the strength of the coupling and the proportion of CDM coupled. This means that when carrying out calculations that depend upon the background, such as perturbation evolution, it is necessary to take the evolution of the scalar field background into account. This is due to the fact that we do not include a bare potential term, and so the effective potential does not have a local minimum at finite values of the scalar. For this reason, we also find that the late time attractor solutions often seen in quintessence models are not present here. In fact, the only stable solution to this model is Λ domination, as one might have anticipated from the cosmic no hair theorem.

The main purpose of our work, however, was to derive the perturbation equations and solve them in order to calculate the CMB angular power spectrum. Here we find that there is only a small deviation from the ΛCDM predictions, even for O(0.1) scalar coupling to matter, in gravitational units, with over half the total dark matter coupled directly to the scalar field. This is quite compelling and certainly a surprising result. It is, in part, down to the fact that the coupling itself seems to play only a small role in the anisotropies. It is actually the relative proportions of matter and radiation present, and the time of matter–radiation equality, that has the biggest effect on the CMB. The key point is that the CMB is only an indirect probe of long range dark matter interactions. CMB photons do not couple directly to the scalar field, and only feel its effect through their impact on structure formation. The scalar mediates an additional attractive force on the relevant dark matter species enhancing the growth of density perturbations, the effect being more pronounced the greater the coupling and the greater the fraction of coupled dark matter.

It would be interesting to study the effect on alternative probes of the dark matter from supernovae to large scale structure, and to jointly analyse these data sets along with CMB data. As we have already mentioned, supernovae might be considered as a more direct probe of the long range force as it causes galaxies, dominated by dark matter, to follow non-geodesic trajectories. The additional attraction mediated by the scalar is also expected to increase the number of large clusters, which is not favoured by observation, so a detailed studied of structure formation in this model may also place a strong bound on our parameters. For related work with coupled quintessence scenarios and chameleons see e.g. Refs. [40] and [41].

Finally, we conclude our discussion with a word about additional long range repulsive forces. Typically these require a vector field to mediate the interaction, but we might have hoped to mimic its effect by reversing the sign of the kinetic term in our scalar field model, bearing in mind that such a toy model should not be taken too seriously because of violations of unitarity. However, it turns out that this trick doesn’t work. The ghost–like nature of the scalar turns the effective potential into an unstable one, leading to rapid evolution of the scalar and time varying gravitational potentials. This has a dominant effect on the CMB angular power spectrum at low multipoles through a large late time Sachs-Wolfe effect that would not necessarily be expected in a consistent scenario involving a vector mediator.

Acknowledgments

We would like to thank Adam Christopherson, Nemanja Kaloper and Costas Skordis for useful discussions. SCFM and AMG are supported by STFC, AP by a Royal Society URF, and EMRT by the University of Nottingham.

[1] F. Zwicky, “Spectral displacement of extra galactic nebulae,” Helv.Phys.Acta, vol. 6, pp. 110–127, 1933. [2] T. Clifton, P. G. Ferreira, A. Padilla, and C. Skordis, “Modified Gravity and Cosmology,” Phys.Rept., vol. 513, pp. 1–189, 2012.

[3] P. Ade et al., “Planck 2013 results. XVI. Cosmological parameters,” 2013.

[4] E. Komatsu et al., “Seven-Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations: Cosmological Interpretation,” Astrophys.J.Suppl., vol. 192, p. 18, 2011.

[5] U. Seljak, A. Slosar, and P. McDonald, “Cosmological parameters from combining the Lyman-alpha forest with CMB, galaxy clustering and SN constraints,” JCAP, vol. 0610, p. 014, 2006.

[6] M. Tegmark et al., “Cosmological Constraints from the SDSS Luminous Red Galaxies,” Phys.Rev., vol. D74, p. 123507, 2006.

[7] E. Jennings, C. M. Baugh, R. E. Angulo, and S. Pascoli, “Simulations of Quintessential Cold Dark Matter: beyond the cosmological constant,” 2009.

[8] B. Ratra and P. Peebles, “Cosmological Consequences of a Rolling Homogeneous Scalar Field,” Phys.Rev., vol. D37, p. 3406, 1988.

[9] C. Wetterich, “The Cosmon model for an asymptotically vanishing time dependent cosmological ’constant’,” Astron.Astrophys., vol. 301, pp. 321–328, 1995.

[10] J. Martin, “Quintessence: a mini-review,” Mod.Phys.Lett., vol. A23, pp. 1252–1265, 2008.

[11] J. A. Frieman and B.-A. Gradwohl, “Dark matter and the equivalence principle,” Phys.Rev.Lett., vol. 67, pp. 2926–2929, 1991.

[12] B.-A. Gradwohl and J. A. Frieman, “Dark matter, long range forces, and large scale structure,” Astrophys.J., vol. 398, pp. 407–424, 1992.

[13] J. Frieman and B. Gradwohl, “Dark matter and the equivalence principle,” Science, vol. 260, pp. 1441–1442, 1993. [14] S. S. Gubser and P. Peebles, “Structure formation in a string inspired modification of the cold dark matter model,” Phys.Rev., vol. D70, p. 123510, 2004.

[15] S. S. Gubser and P. Peebles, “Cosmology with a dynamically screened scalar interaction in the dark sector,” Phys.Rev., vol. D70, p. 123511, 2004.

[16] A. Nusser, S. S. Gubser, and P. Peebles, “Structure formation with a long-range scalar dark matter interaction,” Phys.Rev., vol. D71, p. 083505, 2005.

[17] M. Kesden and M. Kamionkowski, “Galilean Equivalence for Galactic Dark Matter,” Phys.Rev.Lett., vol. 97, p. 131303, 2006.

[18] M. Kesden and M. Kamionkowski, “Tidal Tails Test the Equivalence Principle in the Dark Sector,” Phys.Rev., vol. D74, p. 083007, 2006.

[19] T. Damour, G. W. Gibbons, and C. Gundlach, “Dark matter, time-varying G , and a dilaton field,” Phys. Rev. Lett., vol. 64, pp. 123–126, Jan 1990.

[20] D. Chialva, P. B. Dev, and A. Mazumdar, “Multiple dark matter scenarios from ubiquitous stringy throats,” Phys. Rev.

D 87,, vol. 063522, 2013.

[21] M. Grana, “Flux compactifications in string theory: A Comprehensive review,” Phys.Rept., vol. 423, pp. 91–158, 2006. [22] A. Brookfield, C. van de Bruck, and L. M. Hall, “New interactions in the dark sector mediated by dark energy,” Phys.Rev., vol. D77, p. 043006, 2008.

[23] J. Khoury and A. Weltman, “Chameleon fields: Awaiting surprises for tests of gravity in space,” Phys.Rev.Lett., vol. 93, p. 171104, 2004.

[24] J. Khoury and A. Weltman, “Chameleon Cosmology,” Phys. Rev., vol. D69, p. 044026, 2004. [25] L. Randall and R. Sundrum, “A Large mass hierarchy from a small extra dimension,” Phys.Rev.Lett., vol. 83, pp. 3370–3373, 1999.

[26] J. Garriga and T. Tanaka, “Gravity in the brane world,” Phys.Rev.Lett., vol. 84, pp. 2778–2781, 2000. [27] N. Kaloper and A. Padilla, “Levitating Dark Matter,” JCAP, vol. 0910, p. 023, 2009. * Brief entry *. [28] M. Kunz, “The dark degeneracy: On the number and nature of dark components,” Physical Review D, vol. 80, Feb. 2007. [29] U. Seljak and M. Zaldarriaga, “A Line of sight integration approach to cosmic microwave background anisotropies,” Astrophys.J., vol. 469, pp. 437–444, 1996.

[30] J. Lesgourgues, “The Cosmic Linear Anisotropy Solving System (CLASS) III: Comparision with CAMB for LambdaCDM,” 2011.

[31] E. J. Copeland, A. R. Liddle, and D. Wands, “Exponential potentials and cosmological scaling solutions,” Phys.Rev., vol. D57, pp. 4686–4690, 1998.

[32] G. W. Gibbons and S. W. Hawking, “Cosmological event horizons, thermodynamics, and particle creation,” Phys. Rev. D, vol. 15, pp. 2738–2751, May 1977.

[33] J.-c. Hwang and H. Noh, “Cosmological perturbations with multiple fluids and fields,” Class.Quant.Grav., vol. 19, pp. 527– 550, 2002.

[34] C.-P. Ma and E. Bertschinger, “Cosmological perturbation theory in the synchronous and conformal Newtonian gauges,” Astrophys.J., vol. 455, pp. 7–25, 1995.

[35] http://camb.info.

[36] http://camb.info/extra.html.

[37] T. Koivisto, “Growth of perturbations in dark matter coupled with quintessence,” Phys.Rev., vol. D72, p. 043516, 2005. [38] T. Koivisto, H. Kurki-Suonio, and F. Ravndal, “The CMB spectrum in Cardassian models,” Phys.Rev., vol. D71, p. 064027, 2005.

[39] W. Hu and S. Dodelson, “Cosmic microwave background anisotropies,” Ann.Rev.Astron.Astrophys., vol. 40, pp. 171–216, 2002.

[40] E. R. M. Tarrant, C. van de Bruck, E. J. Copeland, and A. M. Green, “Coupled quintessence and the halo mass function,” Physical Review D, vol. 85, Jan. 2012.

[41] P. Brax, A.-C. Davis, B. Li, H. A. Winther, and G.-B. Zhao, “Systematic simulations of modified gravity: chameleon models,” 2013.